Introduction
Graphene as a two-dimensional material has garnered great research interests due to its outstanding mechanical, optical and physical properties [1] [2] [3] [4] [5] [6] . Graphene is an interesting material for sensing applications due its large in-plane conductivity, unique electronic band structure, high specific surface area that can be a platform for molecules interaction [7] [8] [9] [10] . The fast heterogeneous electron transfer on graphene surface renders it to be an excellent material for electrochemical applications, therefore it is used widely for the construction of electrochemical sensors [11] [12] [13] [14] .
Currently, chemical exfoliation [15] [16] [17] , epitaxial growth on silicon carbide [18] , micromechanical cleavage [19] and electrochemical exfoliation [20, 21] are the common approaches to produce graphene sheets. Out of these, chemical exfoliation is deemed as the most effective and economical way to prepare graphene sheets from bulk graphite [20] , in which involves the multiple oxidation and reduction process. The major drawback for this approach is the huge consumption of oxidizing agents and acidic solutions, in which poses an environmental issue for its disposal. Furthermore, different applications may require different surface functionalities of graphene sheets and this can only be achieved by additional functionalization steps after the production of graphene.
Accordingly, it is of high demand to develop a simple yet efficient method to produce the functionalized graphene sheets.
Dopamine is a catecholamine neurotransmitter in the nervous system, which has a critical role in learning and memory [22] [23] [24] . Its low concentration or abnormal metabolisms may lead to some diseases, such as Parkinson disease, epilepsy and senile dementia. Therefore, its monitoring is essential for the correct administration of appropriate drug. Due to its electrochemical active properties, electrochemical detection was proven to be an effective approach for high accuracy and low cost monitoring system for dopamine.
In this work, molecular wedging is used to exfoliate graphite into graphene sheets where pyrene-1-boronic acid (PBA) simultaneously intercalates and functionalizes the graphene sheets (PBA/G).
PBA is selected in this work as the pyrene structure resembles graphene basal-plane structure in which interlayer intercalation could be done, in addition to the possible π-π interactions for functionalization [25, 26] . The boronic acid in PBA possesses reversible boronic acid-diol interaction with the forming of boronate ester, which is widely used for the selective binding of saccharides molecules. The prepared materials were characterized using field emission scanning electron microscope (FESEM), energy dispersive X-ray analyzer (EDX), Fourier transformed infrared spectroscopy (FTIR) and fluorescence spectroscopy to evaluate their structural and morphological characteristics. The practicability of PBA/G as biomolecule sensor is tested by the electrochemical impedance spectroscopy (EIS) analysis of dopamine.
Experimental
Graphite flakes (100 mg, 99%, Sigma-Aldrich) and different amounts of PBA (16.5, 25, 33 and 50 mg, 95%, Sigma-Aldrich) were first dispersed in 50 mL of ethanol (99.5%, Sigma-Aldrich), followed by sonication for 45 min. Deionized water (200 mL) was later added into the dispersion and it was further sonicated for 4 h. The dispersion was centrifuged, washed, filtered and dried to obtain PBA functionalized graphene (PBA/G). The samples were termed according to their respective PBA:Graphite mass ratio. For example, PBA/G 2 indicates the PBA:Graphite mass ratio of 1:2. Sample surface morphology and elemental composition were studied by a field emission scanning electron microscope (FESEM; JEOL 1525) and energy dispersive X-ray analyzer (EDX), respectively. Raman spectra for the materials under study were obtained using a Raman microscope (Renishaw; inVia) with 2.33 eV (532 nm) laser energy. in good agreement with other study [29] . The 2D band at ca. 2700 cm -1 is due to two-phonon lattice vibration and its shape as well as position are very sensitive to the number of graphene layers. The 2D band for PBA/G 4 (2690 cm -1 ) is lower than graphite (2703 cm -1 ), which indicates the lower number of graphene layer as a result of exfoliation during PBA functionalization [29] . In addition, the lower graphene layer in PBA/G 4 is also corroborated by the higher I 2D /I G ratio for PBA/G 4 (0.69), as compared to graphite (0.51).
Results and discussion
The successful functionalization is also proven by the FTIR analysis (Figure 4a ). Graphite exhibits minor absorption peaks at ca. 3300 and 1650 cm -1 , which can be assigned to OH stretching and C=C stretching [30] . The presence of OH could be due to the trace amount of adsorbed water in graphite where C=C is due to the intrinsic chemical bonding in graphite. However, after the molecular wedging process, there is a significant increase in the OH stretching and C=C stretching peaks. This can be associated to the presence of PBA in PBA/G which carries the diol and pyrene groups. Quantitative analysis was performed to study the effect of different PBA concentration in the molecular wedging process. It can be seen from Figure 4a that both the intensities of OH stretching and C=C stretching increase with increasing PBA concentration in the molecular wedging process. The findings can be quantitatively supported by the peak area analysis of both peaks, as shown in Table 1 . Higher PBA concentration is accompanied by the higher peak areas for both OH and C=C functional groups, which indicates more PBA is functionalized onto graphene sheets when the concentration of PBA is increased during the molecular wedging process. It also means the amount of functionalized PBA can be easily manipulated. Figure 4b shows the quenching of fluorescence intensity for PBA/G 4 . The quenching effect is attributed to the electron transfer between PBA and graphene sheets [29] . Such electron transfer is crucial for electrochemical reaction as the impedance between PBA and graphene sheets is minimized. Figure 5a shows the Nyquist plots of bare GCE, graphite (after sonication without PBA), and different PBA/G samples in K 3 [Fe(CN) 6 /K 4 Fe(CN) 6 ] electrolyte, after the electrodes had been exposed to dopamine solution. All the samples manifest simple charge transfer reaction with semicircle at high frequency, followed by straight line at low frequency. This is also parallel to the Bode plot (Figure 5b (Figure 5a inset) . It is apparent that the R ct values increase dramatically after PBA functionalization onto graphene. This is due to the interaction ACCEPTED MANUSCRIPT 8 between dopamine and PBA that imposes higher charge transfer resistance to the electrode. As seen from Figure 1 , the interaction between dopamine and PBA can be related to the boronate ester bond forming [31] . It is worth noting that the R ct values increase from PBA/G 2 to PBA/G 4 , which is in contrary to the FTIR quantitative analysis to show the higher amount of functionalized PBA from PBA/G 4 to PBA/G 2 . Such phenomenon could be associated to the steric effect of higher amount of functionalized PBA [32] , which adversely prevents interaction with dopamine.
However, the steric effect is insignificant at lower concentration of PBA and the maximum interaction could be observed in PBA/G 4 where highest R ct value is attained. Therefore, subsequent detection of dopamine is conducted on PBA/G 4 electrode. The R ct value is lowest at PBA/G 6 due to the lower amount PBA for the interaction. Different amounts of dopamine are tested on PBA/G 4 electrode (Figure 5c ) and the corresponding calibration curve is shown as Figure 5c 
Conclusions
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